Abstract
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and for the precision vs. recall curves (AU-PRC) ( HMMRATAC is able to identify active chromatin regions with a higher recall and 2 7 8 precision and lower false positive rate, than MACS2, F-seq or Hotspot. We then used the accessible chromatin regions detected by two independent assays 2 8 3
DNase-seq and FAIRE-seq in GM12878 cell line as cross-validation of ATAC-seq DHSs or FAIRE accessible regions that were within 2kb of each other to define our 2 8 7 alternative true sets. We continued to use the heterochromatin states outlined above as 2 8 8 our false set, although we eliminated any DHSs or FAIRE regions that overlapped a 2 8 9 heterochromatin state region and vice versa. We found that HMMRATAC outperformed 2 9 0 the other three methods in terms of precision, recall, false positive rate, and F1-score in 2 9 1 recapitulating DHSs (Fig. 3a, 3b , and 3c middle panels) as well as in AU-ROC and AU-2 9 2 PRC ( Table 2) . As for FAIRE regions, we found that HMMRATAC outperformed the 2 9 3 other methods in recall vs. false positive rate, and the corresponding AU-ROC for FAIRE 2 9 4 accessible regions ( Fig. 3a bottom panel, Table 2 ). F-seq was found to perform the best 2 9 5 in terms of F1-score and AU-PRC with the FAIRE-seq data (Fig. 3b , and 3c bottom 2 9 6 panel, Table 2 ). replicates for each algorithm. We show that when using the individual replicate data 3 0 8 (Fig. 4a ), HMMRATAC produced a higher average number of reproducible accessible 3 0 9 regions than the other three algorithms. We found that Hotspot2 performed well in terms (Table 2) even with a smaller number of cells used in ATAC-seq. We tested how well each per-replicate data and the 500 cell per-replicate data. We found, similar to the results 3 1 7 from pair-wise replicate testing, that HMMRATAC was able to identify more reproducible accessible regions, with IDR <= 0.05, using the different datasets than any of the other algorithms (Fig. 4b) . Once again, Hotspot performed well and identified and F-seq identified fewer (Table 2 ). These data indicate that HMMRATAC outperforms
Hotspot, MACS2, and F-seq in identifying statistically reproducible accessible regions. The summary of method comparisons is shown in Table 2 . We used a total of 8 3 2 5 independent measures to benchmark the performance of the four algorithms, including 3 2 6 AUC-ROC, AUC-PRC, and the numbers of reproducible regions as described before. We found that HMMRATAC outperformed the other three methods in 7 of those 8 3 2 8 benchmarks. F-seq outperformed the other methods in 1 of the 8 benchmarks. F-seq also 3 2 9 came in second in 5 of the 6 AUC calculations, although it performed the worst in terms calculations but came in second in both reproducibility benchmarks. MACS2 performed very similar to F-seq in all benchmarks but never ranked higher than second in any of peak-caller for ATAC-seq data analysis. data generated in the human GM12878 cell line. In order to determine our method's analyzed ATAC-seq data generated in C2C12 myoblast mouse cells [13] . In addition to positioned nucleosomes around open chromatin will be sequenced as well. Therefore, as 4 1 0 a side note, HMMRATAC shouldn't be applied to those ATAC-seq data generated with a DNase-seq and FAIRE-seq. We have also shown that HMMRATAC shows better 4 1 8 reproducibility among replicates, as well as in datasets generated from a different number 4 1 9 of cells. As HMMRATAC is a cross-platform and user-friendly algorithm, we envision it 4 2 0 becoming the standard for ATAC-seq data analysis, replacing current methods based on
ChIP-seq analysis. The human GM12878 cell line ATAC-seq paired-end data used in this study was replicate and other three generated using 500 cells per replicate. Each dataset was 4 3 1 aligned to the hg19 reference genome using bowtie2 [37] . After alignment, each group of replicates (either 50,000 cells or 500 cells) were merged together, sorted and indexed. Reads that had a mapping quality score below 30 or that were considered duplicates noted that HMMRATAC will remove duplicate and low mapping quality reads by 4 3 6 default, although some other algorithms do not. The merged, filtered and sorted BAM files, created as described above, were the input for The mouse data was publically available and downloaded under the accession numbers 4 5 0 SRR2999996 and SRR2999997 [13] . This data was generated from 50,000 C2C12 4 5 1 myoblast cells. Two replicates of ATAC-seq data were aligned to the mm10 reference 4 5 2 genome using bowtie2 [31] . All pre-processing steps were identical to the human 4 5 3 processing pipeline described above, including merging and filtering. After the preprocessing step that eliminates duplicate reads and low mapping quality and 3Ns), respectively. We utilize four distributions to represent the four signal tracks:
an exponential distribution for the nucleosome-free track and three Gaussian distributions runtime with default or user-defined values and then updated using the expectation At this point, the model is assumed to have reached convergence and the EM process is 4 7 7 halted ( Fig. 1c and 1d) . In order to decrease the time required for the EM algorithm, HMMRATAC randomly sub-selects 10% of all the fragments to use as the training data. Once the parameters of the four distributions have been determined, HMMRATAC probability that a particular fragment belongs to the tracks' corresponding distribution 4 8 3 (Fig. 1b) . Once the four signal tracks have been created, the main HMMRATAC process begins. initial HMM has proportional initial probabilities, which are not updated during training, experience, Viterbi has trouble when encountering a very high coverage region.
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Therefore, regions whose z-scored coverage is above a certain cutoff, either a default or annotations can be reported by HMMRATAC, although this is not the default behavior. and whose length is above a default or user-defined threshold and merge them with the FAIRE peak that overlapped any "heterochromatin" state (by any amount) was, likewise, 6 0 1 excluded from its respective "gold standard" set. The "gold standard" set used for the mouse data were H3K27ac ChIP-seq accessible reference genome using bowtie2 (using default parameters as with all alignments 6 0 7 performed in this study). The resulting aligned reads were merged and broad peaks were 6 0 8 called with MACS2 using the parameters -g mm, --broad, --nomodel, --extsize 150 and -6 0 9 p 0.12. The "real negative" set for the mouse data were H3K27me3 peaks from the same cell broad peaks with MACS2 using the parameters -g mm, --broad, --nomodel, --extsize 150
and -p 0.03. Version 1.84 of F-Seq was used to call peaks using the single-end BED files created as 6 4 0 described previously. With each run, the output was reported as a BED file (option -of).
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The standard deviation cutoff (option -t) was set to 0.1, 1, 4 (default), 6, 7, 8, 10, Version 4.1 of Hotspot was used to call peaks from the BAM files created as described (considering that they had been removed previously, this setting has little effect). The regions for hg19 were also used to mask these regions from peak calling [9, 14] .
Additionally, Hotspot was unable to process the mouse data with any setting. HMMRATAC was run using the sorted BAM files, BAM index files and genome-wide 6 5 8 coverage files created as described previously. The upper limit fold-change for choosing 6 5 9 training regions (option -u) was set to 20 with corresponding lower limits (option -l) set 6 6 0 to 10. These settings are the HMMRATAC defaults. HMMRATAC was also run using 6 6 1 blacklisted sites for hg19 [9, 14] , which were masked from the program and all 6 6 2 for IDR analysis (data not shown). For calculating the 500 to 50,000 cell per-replicate reproducibility, each method was run 6 8 2 using the merged file(s) described previously, with the respective parameters as described replicate and 50,000 cell per-replicate datasets, were run through the IDR algorithm using files were sorted by their local IDR value and plotted as ranked peaks versus IDR score. replicate pair, the number of peaks whose local IDR score was equal to or below 0.05 6 9 2 was calculated and plotted. nucleosomal distributions are consistent among datasets using 50,000 and 500 cells per replicate. Top three tracks show ATAC-seq signals, after being separated by size, the fourth track methods for the data shown in B. value. The horizontal line represents IDR value of 0.05. •
